In rats with "stage S / E yellow fat disease an injection of colloidal carbon resulted in a marked reduction in the number of circulating platelets. The death rate of rats with experimental Lisreria monocyrogenes infection. the number of bacteria in their spleens and the decrease of bacteria in their spleens on the days after infection were the same in rats with yellow fat disease as in controls. The fact that the rats died during the first few days after infection also may indicate that their immunological resistance to L. rnonocytogenes was not altered by yellow fat disease. 593 
Yellow fat disease is a characteristic type of vitamin E deficiency that probably occurs only when w3-polyunsaturated fatty acids such as linolenate (18:3w3), eicosapentaenoate ( 2 0 5~3 ) and docosahexaenoate (22:6w3) are in the food [5, 1 I]. A strong accumulation of lipofuscin in the reticuloendothelial tissue of liver, spleen and lymph nodes was found with changes in the adipose tissue in natural and experimental disease [6, 7, 121 . In young rats with yellow fat disease the pigment was seen in all these organs [5] , while their vitamin-E deficient dams with normal adipose tissue had pigment only in their spleen and mesenteric lymph nodes. In contrast to previous findings 112, 171, the pigment accumulation in the mesenteric lymph nodes also was seen in the control group on a vitamin E-supplemented diet.
Lipofuscin is an undigestible final product of oxidised unsaturated fatty acids. Accumulation of this pigment in the reticulophage may result from phagocytosis of these products of fat degradation. In addition, peroxidative decomposition of membrane lipids that occurs during degenerative processes in the reticulophage may lead to lipofuscin formation. Since phagocytosed peroxides and other degradation products of unsaturated fatty acids may cause membrane damage [28] , a combination of these two processes is also possible. Functional consequences of lipofuscin accumulation in these macrophages may be expressed in overloading, decreased digestive function [4] and disturbed antigen processing.
At least two causes, more or less dependent on each other, of the reticuloendothelial pigment accumulation may be distinguished. Firstly, there is an insufficient supply of antioxidant in the animal. Secondly, a specific group of polyunsaturated fatty acids seems to be involved since the pigment accumulation was never found with other polyunsaturated fatty acids in a vitamin E-deficient diet. In view of the first factor, there are indications of an interaction between antioxidant-supply and protection against infection. Decreased resistance to bacterial infections was found in pigs [29] , chickens [I41 and rats (311 which were all on vitamin Eand seleniumdeficient diets. With regard to the second factor, several effects of plant oils and separate unsaturated fatty acids on the reticuloendothelial and lymphoid system also have been reported. It is often not clear, however, if these effects are direct or indirect results of an insufficient antioxidant supply. Plant oils such as canbra oil [20] , olive oil [I] and the mono-unsaturated fatty acid oleic acid [26] have an inhibitory effect on reticuloendothelial phagocytosis. In contrast rape seed oil stimulates this activity [20] . Another group of polyunsaturated fatty acids is called the w-6 group because of the position of the first double bond. The essential fatty acids linoleic acid (1 8:2w6) and arachidonic acid (20:4w6), which belong to this group, should have a suppressive effect on the cell-mediated immune response [ 181. Specific effects of w3-polyunsaturated fatty acids on these organ systems have not been studied.
Materials and Methods
Wistar rats of weaning age that weighed 40 f 5 grams were used. In the experimental group yellow fat disease was caused by a vitamin E-deficient diet that included cod liver oil. The control group was kept on the same diet but received weekly muscular injections of 5 milligrams of dl-a-tocopherol acetate (DuphrafalB. Philips Duphar B. V., the Netherlands).
The experimental conditioning. which started at weaning age. the basal ration and the qualification and treatment of dietary cod liver oil have been described 151. Individual body weights were recorded weekly.
In experiment I . 48 male and 16 female rats were divided into two equal groups, one vitamin E-deficient group and one control group. Carbon clearance rates were determined at I and 2 weeks (males) and 4 and 6 weeks (males and females) after weaning. After the last blood sample had been taken for this clearance test. rats were decapitated and the weights of spleen and liver recorded. Samples of liver, spleen and three fat depots (subcutaneous, mesenteric and gonadal) were fixed in 10% buffered formalin and processed for microscopic study.
In experiment 2, 40 male and 40 female rats were divided into two equal groups, one vitamin E-deficient group and one control group. Carbon clearance rates were determined at 2,4 and 10 weeks after weaning. The effect of the colloidal carbon injection on the number of circulating platelets was assessed by counting the platelets immediately before the injection of carbon and again after the last blood sample had been taken. Rats were killed and the weights of spleen. liver. thymus and some peripheral lymph nodes (brachial, axillary. inguinal. popliteal) were recorded. Samples of liver. spleen. thymus. lung, kidney, peripheral lymph nodes and of three fat depots were fixed in formalin and processed for microscopic study. Sections of the spleen from rats 4 and 10 weeks after weaning were used for a histomorphometric study.
In experiment 3. 150 male rats were divided into two equal groups, one vitamin E-deficient group and one control group. The amount of hemoglobin was determined in 15 rats of both groups 4 and 10 weeks after weaning. After the rats had been challenged with various numbers of Listeriu rnonoovogenes. the death rate at 4 and 10 weeks was compared in 30 rats from both groups. Survivors were killed 2 weeks after infection. Samples of liver, spleen and three fat depots of all rats were fixed in formalin and processed for microscopic study. Fifteen rats from both groups were challenged 10 weeks after weaning with a sublethal concentration of L. monocytogenes and the number of bacteria in the spleen was counted.
Microscopy
Formalin-fixed samples were embedded in paraplast. Sections were cut at 7 micrometers and stained with hematoxylin and eosin (HE) and with carbol fuchsin for acid-fast lipofuscin [19] . Unstained sections were embedded in fluormount and studied with a fluorescence microscope. The stage of development of yellow fat disease in the gonadal fat was recorded IS]. Other organs were studied for histological changes, and the intensity of fluorescence caused by lipofuscin accumulation was measured in the reticuloendothelial system of liver, spleen, thymus, mesenteric lymph node and peripheral lymph nodes. For histomorphometric study of the spleen the volume of four structural components, skeleton, white pulp, marginal zone and red pulp, was estimated with a Zeiss microscope fitted with a Carl Zeiss multipurpose integration eyepiece (ocular lox. grid I1 = 100 points) and a lox objective. Each section was observed in four fields chosen at random. In each field the number of points over each structure was counted. The count represented the percentage of spleen volume containing each component 1321. Male and female rats were divided into separate groups. For each spleen the mean of four field counts was used for statistical calculations; each group consisted of six to eight figures.
Carbon clearance test
The carbon suspension was Indian Ink CI 1/1431a (Giinther Wagner, Pelikan Werke, Hannover, Germany) injected in the tail vein in a volume of 0.2 m1/100 g body weight. In experiment I and 2 the carbon suspension used was 15 mg/100 g and 10 mg/100 g body weight, respectively. Dilutions were made with pyrogen-free saline. At 2. 4, 8, 16 and 32 minutes after the carbon injection the retro-orbital plexus was pricked with a heparinized microhaematocrit tube (Gelman-Hawksley, England) and 0.02 milliliter blood samples were taken with a pipetman (Gilson, England) diluted in 2 milliliters of distilled water. The optical density was measured at 675 nanometers with a Beckman DB-GD spectrophotometer. A corrected phagocytic index a [2] modified by Donald and Tennent 19) was used. This proved that the clearance rate of colloidal carbon does not follow single order kinetics. The formula used was: L. monocytogenes strain L 242/73 type 4" was obtained from the National Institute of Public Health, Bilthoven. the Netherlands. The number of colony forming units was 5X IO"/ml beef broth. The challenge dose of Lisreriu for each rat was either a 0.5 ml suspension/200 g body weight 4 weeks after weaning or the same volume/310 g body weight 10 weeks after weaning; the injections were given into a tail vein. In the next 2 weeks the number of deaths was recorded 1231. Rats were challenged with 0.625~10" bacteria and at I. 2 and 7 days after challenge the number of colony forming bacteria in the spleen was quantified 1241. Platelets were counted with a Coulter Counter Model Z.F. (Coulter Electronics, Dunstable. England) [3] . Statistical calculations were done by Student's I-test for paired observations (platelets) or for two means.
Results
The only histological change in liver, spleen, thymus and lymph nodes was lipofuscin accumulation in the reticuloendothelial cells. The nature and localisation of pigment in liver, spleen and mesenteric lymph node were as described previously [ 5 ] . As in the mesenteric lymph node, lipofuscin-laden macrophages in peripheral lymph nodes were primarily in the subcapsular sinus and in the cortical and paracortical regions. In the thymus pigment-laden macrophages were in the cortex and between cortex and medulla. Lipofuscin accumulation in several parts of the reticuloendothelial system is evaluated in table I. The liver was excluded, since carbon particles in the Kupffer cells made an evaluation impossible. In a previous study [ 5 ] , however, lipofuscin accumulation in Kupffer cells was seen only in rats with yellow fat disease. In spleen and peripheral lymph nodes, lipofuscin accumulation was stronger in rats with yellow fat disease than in the controls. In thymus and mesenteric lymph node, pigment accumulation in both groups was the same.
The localisation and estimated amount of colloidal carbon in lung, liver and kidney of experiment rats and controls was the same at all ages. The histomorphometric study of the spleen showed that the proportional volumes of the structures estimated were the same in both experimental groups.
There was slight growth retardation in rats with yellow fat disease as reported previously [ 5 ] . The weights of liver and spleen during the development of yellow fat disease are listed in tables I1 and 111. Liver weight increased significantly in male rats with yellow fat disease 10 weeks after weaning. Spleen weight increased in male rats with yellow fat disease 4 to 6 weeks after weaning and in female rats 10 weeks after weaning. Thymus and peripheral lymph node weights were not significantly changed.
The rate of colloidal carbon clearance at several stages of yellow fat disease is noted in tables I1 and 111. When 15 mg/100 g body weight was given there were differences in clearance rate between rats with yellow fat disease and controls. These differences seemed to be associated with the stage of yellow fat disease development. Up to and including "stage S" yellow fat disease (some degenerated fat cells and inflammatory reaction) an enhanced clearance rate was found (significant in females). During the transition to "stage E " (more than 30% of all fat cells affected) the clearance rate in both groups was equal, after which a significantly decreased rate was found at "stage E ' yellow fat disease. This last observation was made only in male rats, since in female rats the disease progressed much more slowly and did not reach "stage E" within the experimental period. The correction factor W/Wi, in both groups was not different. When a dose of 10 mg carbon/100 g body weight was used (table 111) . however. the different clearance rates of experimental rats and controls were not seen. In this experiment male rats with "stage E" yellow fat disease had a significantly lower correction factor W/W,.. In agreement with other reports [9] the clearance rate after injection of 15 mg carbon/100 g body weight was not linear. An increased rate was measured during the first 4 minutes. The experimental and control groups did not differ in this respect. With a dose of 10 mg/100 g body weight this early effect was less convincing.
The colloidal carbon injection caused a strong significant reduction of circulating platelets in rats with "stage S/E" yellow fat disease 4 weeks after weaning (table IV) . At other stages the reduction of platelets was about 10% in experimental rats and in controls; this was not considered significant.
Hemoglobin concentration in rats with yellow fat disease and in controls was not significantly different. At "stage S/E" and "stage E these concentrations were respectively 15.7 g hemoglobin/dl (control, 15.7 grams) and 15.4 g hemoglobin/dl (control 15.2 grams). At "stage S/E" and "stage E" yellow fat disease the number of deaths after challenge with various numbers of L. monocytogenes was recorded (table V) . Death rate in experimental and control groups was the same and rats died within 5 days of challenge. These results agree with those of the listeria spleen count (table VI) which indicated that the number of colony forming bacteria in the spleen at 1,2 and 7 days after challenge was the same in rats with yellow fat disease and in controls.
Discussion
Rats with fish oil-induced yellow fat disease had an accumulation of lipofuscin in the reticuloendothelial tissue of their liver, spleen, thymus, mesenteric and peripheral lymph nodes. In the control group on a vitamin E-supplemented diet, pigment storage was seen only in the thymus and mesenteric lymph nodes. In contrast to the early accumulation in liver [S] and spleen, pigment in peripheral lymph nodes did not increase until the adipose tissue was affected extensively. The pigment accumulation in peripheral lymph nodes therefore could be the result of discharge of fat degradation products from the drained region. In an early stage of the disease we think that the lipofuscin storage in reticulophages of liver and spleen resulted from phagocytosis or induction of blood-borne factors. The same factor caused lipofuscin accumulation in extra capillary macrophages of the adipose tissue.
The weights of liver and spleen were increased in rats with yellow fat disease. The increased spleen weight might result from a hyperplastic lipofuscin-laden reticuloendothelial system. The cells of this system are diffusely present in the spleen and they form a quantitative important part of it. Increased spleen weight associated with enhanced activity of reticuloendothelial cells also was seen in increased erythrocyte destruction [ 131. At this stage of yellow fat disease, however, anaemia or iron storage in the spleen was not seen. The morphometric study of the spleen indicated that the voluminal ratios of all tissue components were not changed. Therefore in addition to the hyperplasia of reticuloendothelial tissue, there must be a voluminal increase of all other tissues. Increased liver weight was also reported in other species with vitamin E-deficient conditions [ 15,251. Since Kupffer cells form only a small part of the total liver mass, it seems improbable that proliferation of these cells might influence liver weight. Liver enlargement resulting from swelling of liver parenchyma seems more likely. This swelling may occur after peroxidative membrane damage; in rats there is ultrastructural [22] and biochemical evidence [8, 211 for this.
Lipofuscin accumulation in reticuloendothelial cells associated with overloading and possible membrane damage could result in a decreased function of these cells. One part of this function is the phagocytosis of particles such as colloidal carbon and bacteria. After an intravenous injection of these particles, the Kupffer cells of the liver take up about 90% and the splenic macrophages 10% [27] . In the macrophage the bacteria can be digested and antigens become available which may lead, via stimulation of T-lymphocytes, to an immunological activation of macrophages [ 161.
The results of the carbon clearance test and the L. monocytogenes infection indicate that the phagocytic and digestive function of the reticuloendothelial system was not changed in rats with yellow fat disease. It was found, however, that in the present experimental conditions the carbon clearance test could not be used simply as a measure of reticuloendothelial phagocytosis. Significantly, different clearance rates were found between experimental rats and controls when 15 mg carbon/100 g body weight was used. These differences were absent with a dose of 10 milligrams carbon. These variable results and also the non-linear slope of clearance rate (experiment 1) may indicate that factors other than phagocytosis participate in the clearance of colloidal carbon from the blood. In addition to phagocytosis, the aggregation of platelets and the attachment of particles to these aggregates seemed to be the most important causes of carbon clearance [9] . These platelet changes occur especially with carbon doses from 8 to 32 mg/100 g body weight, which is the range most frequently used in studies to measure "reticuloendothelial phagocytosis". A strong reduction of platelets after the carbon injection was seen in rats with yellow fat disease 4 weeks after weaning (experiment 2). A higher carbon dose will induce a stronger effect on the platelets, which possibly explains the significant different clearance rates found with a dose of 15 mg/100 g body weight. This effect of vitamin E on platelet aggregation is known. Peroxidative membrane damage of platelets, which initiates this aggregation, could be inhibited by vitamin E [ 101.
The extent of carbon accumulation in the liver lobule may also be a measure for increased or decreased reticuloendothelial phagocytosis [30] . In our study, however, no differences in carbon accumulation were observed between rats with yellow fat disease and controls.
Another measure for reticuloendothelial phagocytosis is the number of bacteria counted in the spleen on the first day after an intravenous injection with L. monocytogenes. Moreover, the decrease of vital bacteria in the spleen during the following days is a measure for the digestive activity of these macrophages. Our study indicated that both phagocytosis and digestion of bacteria were not significantly changed in rats with yellow fat disease. The increased spleen weight in rats with the disease was not associated with an enhanced activity of reticuloendothelial cells upon challenge by L. monocytogenes. Therefore, the enlarged spleen seems to be an adaptation that possibly compensates a decreased function of lipofuscin-laden reticulophages.
The listeria model also may be used to study the immunological activation process of macrophages [ 161. In yellow fat disease an effect on this process could be expected as a result of membrane damage in macrophages or because of lipofuscin-induced atrophy of lymphoid tissue in the peripheral lymph nodes. The results of our test indicate that the immunological resistance to L. monocytogenes was not changed in rats with yellow fat disease. The death rate in the experimental and control groups was the same and all rats died within 5 days of challenge; during this period there was only direct activation of the macrophages. Since the listeria model is very crude, more sensitive immunological techniques must be used before definite judgements can be made about immunological defects in animals with yellow fat disease. ' Mean values f SD, 6 (males) or 4 (females) per group.
'' a = the corrected phagocytic index of carbon clearance (I5 mg/100 g body weight). ' SD = standard deviation. P < 0.00 1. P < 0.05. ' Stage E yellow fat disease.
' At 7 days after challenge no colonies were formed.
